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Zirconium oxide has the best mechanical properties compared to other ceramic materials. 

Modern techniques such as subtractive manufacturing(milling) have acceptable accuracy for 

restorations. Additive manufacturing (3D printing) has been introduced recently. This new 

technique has some advantages such as the ability to process complex shapes, optimal use and 

lower waste of materials. However, the fitness and accuracy of additive manufacturing vs 

subtractive manufacturing is unclear. The present study aimed to review the accuracy, 

restorations fit and fracture resistance of printed vs milled zirconia restorations. This 

systematic review protocol based on PRISMA guidelines. We searched the following 

databases from 2010 to 2024: Pubmed, Google Scholar, Scopus, Science Direct, Web of 

Science and Cochrane Library. The inclusion criteria were the Comparative studies that 

compared milled and 3D printing crowns, studies that clearly reported how restoration fitness 

was measured, studies that clearly mention the technology and materials. Published works that 

included veneers, temporary crowns and implant crowns or not mentioned the technology and 

materials, were excluded. Among 46 related studies, 14 studies most related to our review 

selected. Three article indicate higher accuracy in printed crowns. however, others show 

comparable or higher accuracy in milled crowns. Additive manufacturing (AM) has higher 

internal adaptation. Inaccuracy in horizontal surface of AM is due to layering production. 

While, 3D printing has best accuracy in vertical surface. Most articles represented that 

subtractive manufacturing has higher marginal fitness. However, both AM (Additive 

manufacturing) and SM (subtractive manufacturing) are within acceptable range. Additive 

manufacturing has acceptable fatigue resistance.  
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1. Introduction  

mong all-ceramic dental restorations, 
zirconium dioxide (ZrO2) exhibits the 
best mechanical properties (1-4). It is 
renowned for its high toughness, 

superior mechanical strength, and aesthetic 
qualities, making it a desirable choice in dentistry 
(2). However, clinical failures have been reported 
for zirconia restorations, primarily due to chipping 
of the veneered ceramic layer on the zirconia 
framework. While fractures in zirconia frameworks 
are rare, veneer failures are more common (5, 6). 

One approach to mitigate this issue is by creating 
monolithic zirconia crowns without a separate 
porcelain layer. Monolithic zirconia restorations 
offer the advantage of reduced material thickness in 
contrast to layered or other monolithic ceramics as 
silicate ceramics (7, 8). 

Subtractive technology, mainly through computer-
aided design and manufacturing (milling methods), 
is commonly used to fabricate zirconia restorations. 
However, this method results in significant waste of 
prefabricated blocks and may lead to microscopic 
cracks in the restoration (9). To overcome these 
concerns, milling the material in its green stage 
before sintering can help reduce waste and minimize 
flaws (10-12). 

Although milling is energy-intensive and generates 
noise and heat, new techniques like 3D printing are 
promising (13, 14). 3D printing allows for processing 
complex shapes efficiently, optimal material usage, 
and eliminates the need for cutting tools (15). 

According to the EN ISO 900 terminology standard 
by ASTM (American Society for Testing and 
Materials), 3D printing refers to joining materials 
layer by layer from 3D model data to build objects 
(16). 

3D printing has been utilized for creating resin or 
metal restorations (17-20), metal denture 
frameworks (21-24), and metal implants (25). While 
plastic and metal printing have long been utilized in 
industry, the accuracy of ceramic printing remains 
underexplored. Ceramic stereolithography has 
gained prominence in ceramic research and 3D 
printing in recent years, with advancements in 
equipment and market growth. 3D printing provides 
advantages such as unrestricted geometric design 
for ceramic structures and material savings, 
rendering it a suitable production method. 3D 
printing has some advantages due to its ease of 
adjustments and cost-effectiveness compared to 
traditional methods. This technology reduces 

material wastage and costs (26). Research on 3D 
printing for zirconia veneers is limited.  

According to ISO 5725-1, accuracy consists of 
trueness (proximity of the mean of measurement 
results to the true value) and precision (repeatability 
or reproducibility of the measurement) 
(27).Restoration fit significantly impacts long-term 
clinical success, with accuracy being crucial and 
dependent on the manufacturing process (28, 29). 
Poor marginal fit can result in issues like plaque 
accumulation, micro leakage risk, and gingivitis 
(30, 31). Precision in restoration reduces alignment 
needs, saves clinical time (28), minimizes finishing 
steps, prevents restoration damage, and enhances 
quality (32-35). Crowns' brittleness is a prominent 
issue. It starts from an edge chipping to the entire 
broke up under occlusal loading. So, fracture 
resistance of the crowns is an essential part of 
crowns’ features (36). This review aims to assess the 
accuracy, fitness and fracture resistance of zirconia 
restorations produced via 3D printing compared to 
those from milling methods, hypothesizing similar 
fit, accuracy levels and fracture resistance between 
the two methods. 

2. Materials and Methods 

This systematic review was conducted by the 
PRISMA (Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses) statement and the 
PICO(S) approach (patient or population, 
intervention, control or comparison, outcome, and 
study types). The PICO question was formulated: In 
single tooth-supported zirconia crowns (P), does 
printer technology (I) provides similar marginal fit, 
accuracy and fracture resistance, (O) compared to 
milling method fabrication (C)? 

The search strategy included conducting an 
electronic search through Embase, Scopus, Web of 
Science, the Cochrane Library databases, Google 
Scholar and PubMed to find suitable articles. 
References from database searches were exported 
into a systematic review platform for removing 
duplicate articles (Rayyan intelligent systematic 
review; Rayyan systems Inc). A team of two 
reviewers screened the articles. Reviewers had a 
good knowledge of the topic and worked 
independently. For reducing the risk of selection 
errors and bias, a prosthodontist supervised the 
screening procedures.   

The search inclusion criteria were: studies 
published between January 1, 2010, and June 30, 
2024, and limited to studies published in English, 
which included all or part of the keywords in their 
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title or abstract, and comparative articles that 
evaluate fitness and accuracy of zirconia crowns 
made by printer and milling technology. Systematic 
reviews and non-English articles were excluded 
from the search. Also, the references of the selected 
articles were checked manually for the existence of 
articles according to the inclusion criteria. 

A list of keywords was used as follows: 

monolithic zirconia crowns; 3D printing; milling; 
accuracy; clinical precision; fracture resistance; 
dental materials; mechanical behavior of materials; 
three-dimensional printing. 

Exclusion criteria included studies on temporary 
crowns and bridges, as well as studies that did not 
answer the PICO question (Table 1).

 

Table 1. Exclusion and Inclusion criteria 

Exclusion criteria Inclusion criteria 

Studies that were not relevant to the PICO question 
Case report studies 

Animal studies 
Expert opinions 

Studies that did not clearly report how restoration fitness was measured 
Studies that did not clearly mention the brand of technology and materials used 

Studies in English 

Comparative studies 
Studies that answered the PICO question 
Studies that clearly reported how restoration 
fitness was measured 
Studies that clearly mention the brand of 
technology and materials used 

 
 

3. Results 

After reviewing 746 articles that had titles related to 

keywords, the abstracts of 82 articles studied, articles 

that were done on temporary crowns, bridges, 

laminates, veneers, endo crowns, inlays and inlays, 

and materials other than zirconia, case report articles, 

and the articles that were not related to the PICO 

question excluded from the study. The full text of 24 

laboratory articles (37-61) by the entry criteria 

studied. One study was excluded from the review due 

to a lack of detailed reporting of the printing 

technology used (37). eight study was excluded from 

the review due to concentrate in other subjects (45, 

46, 50, 51, 54, 56-58).The excluded articles and 

reasons are summarized in Table 2. The Inclusion 

studies are summarized in Table 3. (Figure 1) 

 
Table 2. Excluded study with their reason 

Study Reason 

Cameron et al (47) This study concentrated in printing orientations 
Aggag et al (46) This study concentrated in milled crown in stone cast vs printed cast 
Hsu et al (37) a lack of detailed reporting of the printing technology used 
Kang et al (52) This study concentrated in printed or milled provisional restorations. 
Thomas et al (51) This study concentrated in printed or milled interim restorations 
Ioannidis et al (57) This study concentrated in occlusal veneers. 
Rues et al (55) This study concentrated in maxillary central incisor veneers. 
Lim et al (58) This study concentrated in occlusal inlays. 
Abad-Coronel et al (59) This study concentrated in printed or milled provisional restorations. 

 
 

Table 3. Articles' results in a glance 

Subject Results In A Glance Studies Year Results 

adaptation 
3D Printed crowns had 

higher marginal adaptation 
than milling ones. 

Abualsaud et al 
(42) 

2022 
The restoration accuracy and Trueness (axial, internal 

and occlusal) restoration in the 3D print group was 
better than the milling methods group. 

Marouki et al (45) 2023 

The crowns of both techniques had acceptable marginal 
and internal fit. 

Self-glaze zirconia crowns had higher accuracy in 
internal fitness. 

Zhu et al (60) 2023 
3D printed zirconia crowns were comparable with 

milled ones in marginal fitness and had better fitness in 
intaglio surface. 

Li,b et al (44) 2021 

Trueness, marginal, occlusal and axial fitness were not 
significantly different between the two groups. 

however, SLA crowns had higher trueness than milled 
group 
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Milling methods had higher 
marginal adaptation than 3D 

Printed crowns. 

Li et al (38) 2023 
Printed crowns with knife edge finish line were 

associated with higher defects. 

Refaie et al (41) 2023 
The results of the milled crowns were better, however, 
the printed restorations had acceptable results in terms 

of marginal fit and internal fit. 

Lerner et al (43) 2021 

The trueness of the restoration in the 3D printing group 
was worse than that of the milling group. Nevertheless, 

the accuracy of the printed group was clinically 
acceptable. 

Wang et al (39) 2021 

Marginal fitness (except in the axial region) and internal 
fitness of the milling methods group are better. 

The dimensional accuracy obtained for both materials 
was within the clinically acceptable range 

Revilla-León (49) 2020 
Additive crowns had more marginal and internal fitness 

than milling methods group. 

Wang et a l (40) 2019 
Trueness of the 3D printing group restorations was not 

worse than milling group. 

Camargo et al( 56) 2022 

Adaptation is related to cement space. 
Laboratory milling crowns have best adaptation. 

however, chairside milling and printed crowns are 
within acceptable range. 

Kalman et al ( 48) 2024 
This in vitro study suggests 3D-printed zirconia for 

crowns and veneers are within clinical acceptable range 

Fracture 
resistance 

3D Printed crowns fracture 
resistance were equal to 

milling ones 
Kim et al (53) 2022 There is no significant differences between two groups 

3D Printed crowns had 
higher fracture resistance 

than milling methods. 

Refaie et al (54) 2024 Printed crowns have better fracture resistance 

Li et al (61) 2019 Printed crowns had acceptable strength. 

 

 

                                                                        
Figure 1. study's data collection strategy 
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Ten studies measured marginal adaptation using 

replica and silicone light body techniques or micro-

CT(38-45, 49, 50, 60). Three other studies (53, 54, 

61) measured the fracture resistance and one study 

assessed crowns Quality (48) (Table 4).  

For Quality assessment, risk of bias tools (RoB 2 

cochrane) was used. The RoB 2 is a tool for quality 

assessment of all entry articles. The study was at low 

risk of bias according to ROB2 (Table 5). 

 
Table 4. Articles' methods and materials  

Authors year Study 
type 

The 
investigated 

parameter 

Sample 
size 

position measurement 
methods 

subtractive 
methods 

additive method 

Abualsaud 
et al(42) 

2022 In-vitro 
Trueness , 
accuracy 

and fitness 
20 

Mandibular 
molar 

Micro CT 

5-axis milling 
machine 

(PrograMill PM7, 
Ivoclar Vivadent, 

Schaan, 
Liechtenstein) 

SLA printers 
(CERAMAKER C900 
Flex, 3DCeram Sinto, 

France) 

Kim et al 
(53) 

2022 In-vitro 
Fracture 

resistance 
30 

Maxillary 
premolar 

universal testing 
machine (Zwick 

Zmart-Pro, 
ZwickRoell GmbH 

& Co. KG, Ulm, 
Germany) 

Milling machine 
(DGSHAPE 

DWX-520 milling 
machine, Roland 

Company, 
Willich, 

Germany) 

CeraFab7500 printer)) 

Camergo 
et al(54) 

2022 In-vitro fitness 30 
maxillary 

molar 
micro-CT 

LX-O 5-axis 
& 

Chairside milling 
(Dentsply Sirona) 

inkjet Carmel 1400 
(Xjet) printer 

Zhu et 
al(60) 

2023 In-vitro 

Accuracy 
and 

marginal 
fitness 

30 
mandibular 
first molar 

optical microscope 
UPCERA milling 

+ 
VITA (milling) 

NPJ (nanoparticle 
jetting)printer 

Kalman et 
al(48) 

2024 In-vitro 
Quality 

assesment 
24 

Maxillary 
central 
incisor 
crowns 

+ 

Maxillary 
lateral 
incisor 
veneers 

a precementation 
checklist+ Digital 

macrophotography 

- 
CeraFab 7500 system 
with a layer thickness 

of 25 μm 

Refaie (54) 2023 In-vitro 
fracture 

resistance +  
internal fit 

20 
Maxillary 
premolar 

silicone replica 
technique (SRT) 

+ 

vertical marginal 
gap technique 

milling machine 
(DGSHAPE 

DWX-520 milling 
machine, Roland 

company, 
Willich, 

Germany) 

SLA 

Lerner et 
al (43) 

2021 In-vitro 
Trueness 

and 
accuracy of 

20 
Maxillary 
premolar 

Micro-CT 
5-axis milling 

machine (DWX-
52D®, DGShape) 

(LCM) printer 
(CerafabS65®) 

Li et al 
(44) 

2023 In-vitro 
Trueness 

and 
adaptation 

20 
maxillary 

molar 
silicone replica 
technique (SRT) 

5 axis miiled 
machine 

SLA 

Marouki 
et al (45) 

2023 In-vitro 
adaptation 

and 
accuracy 

20 
maxillary 
premolar 

silicone replica 
technique (SRT) 

+ 

direct-view 
technique 

milling machine 
(vhf K5; vhf 

Camfacture AG) 

(self-glazed zirconia; 
ErranTech Co Ltd) 

Refaie et al 
(41) 

2023 In-vitro 
Marginal 
gap and 

internal fit 
20 

Maxillary 
premolar 

silicone replica 
technique (SRT)+ 

VMGT 

milling machine 
(DGSHAPE 
DWX-520) 

CeraFab7500 printer 

Wang et al 
(39) 

2021 In-vitro 

Dimensional 
accuracy 

and clinical 
adaptation 

30 
Maxillary 

molar 

Micro-CT +  
silicone replica 
technique (SRT) 

CAD–CAM 
system, X-

MILL500 (XM) 
zirconia 

stereolithography 
systems, CeraFab7500 

(CF) alumina and 
CSL150 
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of zirconia 
crown 

(CL) zirconia 

Weina 
Wang et al 
(40) 

2019 In-vitro 
Trueness 

and 
accuracy 

20 
maxillary 

second 
molar 

Micro-CT 

5-axis, 2-bur 
milling  DWX-50; 
Roland DG Corp 

machine 

SLA printer 
(CERAMAKER 900; 

3DCeram Co) 

Li et al 
(61) 

2019 In-vitro 

Strength 
and 

adaptation 
and density 

22 
maxillary 
first molar 

Silicone Replica 
Technique (SRT) 

+ 
Densitometer 

+ 
Universal testing 

machine 

- SLA(CSL150,porimy) 

Li et al(38) 2021 In-vitro 

Accuracy 
with 

different 
finish line 

designs 

30 
maxillary 
first molar 

Micro-CT 
milling machine 
(AK-D4, Aidite, 

China) 

SLA 3D printer (CSL 
100, Porimy, China) 

Revilla-
León et al 
(49) 

2021 In-vitro 
Marginal 

and internal 
discrepancy 

20 
Maxillary 

first 
premolar 

Silicone Replica 
Technique (SRT) 

Milling 5 axis SLA CERAMAKER 900 

 
 

Table 5. Results of bias risk assessment with risk of bias tools (RoB 2.0 tools) 

studies 
risk by Domain 

Risk of bias 
abstract Introduction methods result discussion 

Abualsaud et al(42) yes yes yes yes yes Low risk 
Marouki et al (45) yes yes yes yes yes Low risk 
Zhu et al(60) yes yes yes yes yes Low risk 
Li,b et al (44) yes yes yes yes yes Low risk 
Li et al (38) yes yes yes yes yes Low risk 
Refaie et al(41) yes yes yes yes yes Low risk 
Lerner et al (43) yes yes yes yes yes Low risk 
Wang et al (39) yes yes yes yes yes Low risk 
Revilla-León (48) yes yes yes yes yes Low risk 
Wang et al (39) yes yes yes yes yes Low risk 
Camargo et al (56) yes yes yes yes yes Low risk 
Kalman et al (48) yes yes yes yes yes Low risk 
Kim et al (53) yes yes yes yes yes Low risk 
Refaie et al (54) yes yes yes yes yes Low risk 
Li et al (61) yes yes yes yes yes Low risk 

 
 

4. Discussion 

Based on the findings in the reviewed articles, 

crowns produced by printing or milling 

technologies evaluated in two categories: marginal 

fitness and accuracy, fracture resistance 

Printed crowns exhibit lower marginal fitness 

compared to milling technology. However, almost 

all studies suggest that this discrepancy falls within 

an acceptable clinical range (Table 6).  

Multiple studies have compared the marginal and 

internal fitness of milled and 3D-printed zirconia 

crowns. Wang et al. (39) found superior marginal 

and internal fit (except axially) with milled crowns 

compared to SLA-printed crowns. Li et al. (44) 

reported comparable accuracy between SLA and 

conventional milling methods, with both techniques 

being susceptible to margin chipping at knife-edge 

finish lines due to milling limitations. 

Refaie et al. (41) observed larger marginal gaps in 

printed crowns (80 µm) compared to milled crowns 

(60 µm), although both were within clinically 

acceptable limits. Revilla-León et al. (49) found 

significant differences in both marginal and internal 

discrepancies between milled and printed crowns, 

with printed crowns exhibiting more discrepancies. 

This was attributed to the layer-by-layer nature of 

3D printing, which can lead to inaccuracies, 

especially in curved areas. 
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Table 6. Marginal fitness compared to CAD-CAM technology in articles  

Studies 
Milling 

Marginal Gap 
Printed 

Marginal Gap 
Acceptable 

Range 
Results 

Abualsaud et al(42) 36.68 ± 6.04 µm 38.26 ± 4.87 µm 50–120 µm Both within acceptable range 
Marouki et al (45) 41.9 µm 51.4 µm - Both within acceptable range 

Li,b et al (46) 36± 22.6 µm 42.6±9.8 µm - 
Printed and milling technique are 

comparable. 

Li et al (38) 

Chamfer= 20.82 
± 4.47 μm 
Rounded 

shoulder= 20.42 
± 4.10 µm 

Knife edge= 
23.06 µm 

Chamfer= 19.22 
± 0.91 µm 
Rounded 

shoulder= 26.20 
± 2.04 µm 

Knife edge= 
25.92 µm 

- 
Printed and milling technique are 

comparable. 

Refaie et al (41) 60 ± 20 μm 80 ± 30 μm 
Lesser than 110 

μm 
Both within acceptable range 

Lerner et al (43) 12.4 µm 25.6 µm 

Acceptable=50–
120 µm 

Ideal=lesser 
than 25 µm 

Theres is no significant difference in 
marginal fitness between two groups. 

Wang et al(39) 62 ±9 µm 

SLA1= 93 ±32 
µm 

SLA2= 109 ±27 
µm 

less than 120 
µm 

Within acceptable range 

Revilla- 
León(49) 

37.5 ±50 µm 
AM=146.0 
±103.2 µm 

17 to 118 µm 

Milled group had best marginal fitness. 
Printed splinted group was in acceptable 
range. However, anatomic full contour 

printed group had unacceptable 
marginal fitness. 

Wang et al (40) 35 ±7 µm 34 ±5 µm - 
Printed group was not worse than 

milling group. 

 
 

Revilla-León et al. (49) found significant 

differences in both marginal and internal 

discrepancies between milled and printed crowns, 

with printed crowns exhibiting more discrepancies. 

This was attributed to the layer-by-layer nature of 3D 

printing, which can lead to inaccuracies, especially in 

curved areas (40). The primary reason for the 

superior precision of milling over 3D printing lies in 

the fundamental process differences. 3D printing, 

specifically SLA technology, creates a stepped 

surface, which can compromise dimensional 

accuracy, especially on curved surfaces (62). This is 

particularly evident in occlusal or large curved areas, 

where errors are more pronounced compared to 

vertical surfaces (63, 64). Consequently, restorations 

with larger grooves and angles may be more 

susceptible to inaccuracies (21). Proper curing 

shrinkage compensation is essential to mitigate these 

deviations and maintain accuracy (65). 

In 2023, Zhu's study (60) revealed comparable 

marginal quality between printed and milled 

zirconia crowns. However, 3D printers 

demonstrated superior trueness in axial and intaglio 

surfaces. This aligns with the previously discussed 

limitations of 3D printing, where the step effect is 

less pronounced in vertical surfaces. The study 

suggests that the majority of the fit is derived from 

the axial region, making the printed crowns 

comparable to milled ones in terms of overall fit. 

Carmgo et al. (56) highlighted the strong 

correlation between crown fitness and marginal 

accuracy. Marginal mismatches can significantly 

compromise the adaptation of both the occlusal third 

and axial regions. Additionally, the amount of 

cement space plays a crucial role in overall crown 

fit. Based on these findings, laboratory-milled 

crowns demonstrated the best adaptation, while 

chairside-milled and printed crowns fell within 

acceptable limits. 

Kalman's 2024 study (48) compared the quality of 

printed and milled zirconia anterior crowns and 

veneers. Both methods were deemed acceptable, 

with printed crowns exhibiting superior axial fit and 

retention compared to milled crowns. This increased 

axial fit is likely the primary factor contributing to 

the improved adaptation of printed crowns. 
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Here, some studies suggest that printed crowns are 

more accurate than milled ones. Abualsaud et al. 

(42) found no significant difference in marginal 

fitness between printed and milled crowns and these 

groups were comparable. However, this study 

indicated that milled crowns were less precise than 

printed ones due to inaccuracy of milling machine 

burs. Based on Nakamura study, clinically 

acceptable range for marginal adaptation is less than 

120 μm and for internal fitness is 30 μm-300 μm 

(66). Despite other articles, Li et al reported higher 

marginal and internal adaptation in stereo 

lithography (SLA) group compared to milling group 

due to limitation in milling machine. However, both 

were within acceptable range (44). 

Refaie et al. (54) reported superior fracture 

resistance for printed zirconia crowns compared to 

milled crowns under cyclic loading. However, Kim 

et al. (53) found no significant difference in fracture 

resistance between the two techniques. Li et al. (61) 

also reported acceptable fracture resistance for both 

milled and printed zirconia crowns. 

Overall, both 3D-printed and CAD/CAM milled 

zirconia crowns can be used clinically for dental 

restorations. (53,61) However, it is important to 

consider the fabrication technique and the intended 

use of the crown when selecting a material (67). For 

crowns that are subjected to high levels of stress, 

such as molar crowns, a milled zirconia crown may 

be a more suitable choice. For crowns that are 

subjected to lower levels of stress, such as anterior 

crowns, a 3D-printed zirconia crown may be a 

suitable choice (54, 67,68). 

It is also important to note that the fracture 

resistance of zirconia crowns can be affected by a 

number of factors, including the design of the 

crown, the type of cement used, and the occlusion 

of the patient. Therefore, it is important to consider 

all of these factors when selecting a zirconia crown 

for a patient (53-54,61,67-68). 

5. Conclusion 

Based on the reviewed studies, 3D printing 

demonstrates superior axial fitness compared to 

subtractive manufacturing. While subtractive 

manufacturing generally exhibits higher marginal 

fitness, both techniques fall within acceptable 

clinical limits. A strong correlation exists between 

cement space and fitness, suggesting careful 

attention to this factor is crucial. 

The layering process inherent to 3D printing can 

lead to inaccuracies in horizontal surfaces, whereas 

vertical surfaces display optimal accuracy. 

Conversely, bur turning limitations in subtractive 

manufacturing contribute to mismatches, 

particularly in specific areas. 

Despite these differences, 3D printing offers 

acceptable fatigue resistance. However, the variability 

in methodologies, including tooth preparation, 

marginal discrepancy evaluation, sample size, finish 

lines, scanning techniques, restoration design, milling 

technology, and crown thickness, hinders direct 

comparisons between studies. 

To definitively determine the most suitable 

additive system for ceramic restorations, further 

research is necessary to standardize these variables 

and conduct rigorous comparative evaluations. 
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